T reatment of patients with acute myocardial infarction (AMI) aims at early restoration of patency and adequate reflow in the infarct-related artery. However, the objective of reperfusion therapy is not merely restoration of blood flow in the coronary artery but also complete and sustained reperfusion of the myocardium at risk. 1 Studies performed with intracoronary myocardial contrast echocardiography (MCE) have shown that up to 30% of patients undergoing primary angioplasty lack myocardial reperfusion despite recanalization of the infarctrelated artery. [2] [3] [4] [5] These regions of "no-reflow" may develop because of microvascular disruption, plugging by thromboembolic debris, or endothelial and myocardial edema. 6 The assessment of perfusion by intracoronary MCE has been shown to provide information on perfusion territories, collateral flow, infarct size, myocardial viability, and success of reperfusion. 7 Recent advances in ultrasound technology and contrast agents have enabled the detection of myocardial perfusion after intravenous injection of transpulmonary contrast agents. 8 -11 There are no published data on intravenous MCE in patients with AMI. This study was undertaken to assess changes in regional myocardial perfusion in patients with AMI undergoing interventional revascularization. Serial intravenous myocardial contrast echocardiograms were performed before angioplasty and after 24 hours. The MCE results were related to intracoronary Doppler flow measurements for assessment of microvascular circulation and to recovery of left ventricular (LV) function at 4 weeks.
Methods

Patient Population and Study Protocol
This study included 25 patients with first AMI undergoing revascularization by primary percutaneous transluminal coronary angioplasty (PTCA) and stent placement within 6 hours after onset of pain.
Inclusion criteria were (1) typical anginal pain lasting Ͼ30 minutes and (2) ST-segment elevation of Ͼ0.2 mV in Ն2 contiguous ECG leads. Patients were part of a multicenter phase II study. A 2D echocardiogram and an MCE was performed before PTCA. Immediately after successful PTCA and stent placement, the coronary flow reserve (CFR) was measured. After 24 hours, the MCE and CFR measurement were repeated. Global and regional wall motion were assessed by 2D echocardiography 4 weeks after PTCA. The study was approved by the local institutional ethics committees. All patients gave written informed consent.
Myocardial Contrast Echocardiography
MCE was performed with the use of NC100100 (Nycomed Imaging AS), a contrast agent consisting of stabilized perfluorocarbon microbubbles (mean diameter 3 to 5 m). NC100100 powder is reconstituted by adding 2 mL of sterile water, resulting in a solution of 10 L microbubbles/mL. Up to 3 intravenous injections at a dose of 0.030 L microbubbles/kg body wt followed by a 10-mL saline flush were given per MCE examination. A digital ultrasound system (HP2500LE or HP5500) was used with harmonic intermittent imaging (1 image per cardiac cycle gated to end-systole) with a phasedarray transducer at a mean transmit-and-receive frequency of 1.8 and 3.6 MHz, respectively. A dynamic range of Ϸ80% was used. Transmitted power was adjusted to result in a mechanical index of 0.5 to 0.7. The focus was set at two thirds of the image depth or deeper. Time and lateral gain compensation were adjusted to achieve a homogenous myocardial brightness in the baseline image, so that the myocardium was dark gray, without any black or white in any part. Instrument settings were kept constant throughout the subsequent studies. Before contrast injection, a sequence of images captured by fundamental imaging was recorded. These included 2 apical views (apical 2-and 4-chamber views) and 2 parasternal views (long-and short-axis views) to allow baseline wall motion assessment. MCE image acquisition in the apical 2-and 4-chamber views was started just before contrast injection by switching from continuous to intermittent harmonic imaging mode. All images were stored digitally on magneto optical disk and on super VHS videotape.
Coronary Angiography and Angioplasty
Before catheterization, all patients received 10 000 U of heparin and 500 mg of acetylsalicylic acid intravenously. After the interventional procedure, intravenous heparin was administered continuously for Ն24 hours (activated partial thromboplastin time 60 to 80 seconds). All patients received acetylsalicylic acid (100 mg/d) and ticlopidine (250 mg BID). PTCA was performed with standard techniques and included stent placement in all patients.
Images of coronary angiograms were stored on compact disks for offline analysis (QuantCor, CASS II, Siemens). Flow in the infarct vessel was graded by means of the Thrombolysis In Myocardial Infarction (TIMI) flow classification. 12 Collateral flow was graded according to Rentrop et al. 13 
Intracoronary Doppler Flow Measurements
After completion of the interventional recanalization, the guide wire was exchanged for a 0.014-in intracoronary Doppler-tipped flow wire (12 MHz, FloWire, Cardiometrics Inc) to perform intracoronary flow measurements. 14 Placing the tip just proximal to the site of recanalization ensured that the sampling volume corresponded to the site of occlusion. This allowed assessment of flow to the entire region at risk. ECG and blood pressure were monitored continuously. Doppler flow velocity spectra were analyzed online to determine time-averaged peak flow velocity: This was measured at baseline and after intracoronary administration of adenosine (12 to 24 g). Doppler measurements were repeated 3 times and recorded on super VHS videotape. To allow extrapolation from flow velocity to flow volume, quantitative coronary angiography was performed to determine vessel diameter within the sample volume, that is, 5 mm distal to the tip of the Doppler wire. Doppler-derived flow volume was calculated as described before. 14 CFR was calculated as ratio of maximal flow after adenosine and at baseline. Twenty-four hours after PTCA, coronary angiography including invasive Doppler measurements was repeated immediately after the follow-up MCE. On the basis of the results of recent studies, 15 we defined a recovery group with a CFR of Ն1.6 at 24 hours' follow-up and a nonrecovery group with a CFR of Ͻ1.6.
Image Interpretation
All ultrasound examinations were evaluated at a core laboratory in Pisa, Italy, by an independent reader blinded to clinical information (P.V.). The MCE images were randomized across time point and patient, and the fundamental images for wall motion assessment were randomized across time point. The triggered images from the first 30 heart beats after the start of each NC100100 injection were presented as a loop and evaluated side by side, together with the corresponding view of the fundamental ultrasound examination. Myocardial opacification demonstrating the presence or absence of perfusion was assessed as either adequate opacification, poor or no opacification (as the result of perfusion defect), not assessable (as the result of technical problems, attenuation, or artifacts), or not performed. Poor or no opacification was defined as delayed, low, or absent contrast enhancement in the evaluated segment in comparison to adjacent segments with adequate opacification. For each MCE examination, the length of the endocardial border corresponding to the part of the myocardium with no or poor opacification was measured in the 2-and 4-chamber views, corresponding to a description by Ito et al. 2 The sum of both endocardial border length measurements defined the size of the perfusion defect. Measurements before PTCA were performed to determine the risk region.
Regions of "no-reflow" were defined as contrast defect at 24-hour follow-up. The region of no-reflow divided by the risk region defined the ratio to the risk region. Corresponding to previous publications, 2 the ratio to the risk region was used to define an MCE reperfusion group (ratio to the risk region Ͻ50%) and a MCE nonreperfusion group (ratio to the risk region Ն50%). To quantify myocardial perfusion by MCE, the baseline-subtracted peak gray intensity was determined of the myocardial region with wall motion abnormality before recanalization. Analysis was performed on MCE images before PTCA and at 24-hour follow-up (Quanticon, EchoTec 3D Imaging Systems).
LV wall motion analysis at baseline and after 4 weeks was performed according to the 16-segment model of the American Society of Echocardiography. 16 Global and regional wall motion indexes were calculated according to American Society of Echocardiography definitions. The regional wall motion score was calculated as average wall motion score of the dysfunctional segments at baseline. Thus, the regional wall motion score at follow-up referred to the dysfunctional segments at baseline.
Statistical Analysis
Statistical analysis was performed with the use of the SAS software package. Continuous variables are presented as meanϮSD and were compared by means of the Student's t test or the Wilcoxon test. Dichotomous variables were compared by means of 2 statistics or Fisher's exact test. Multivariate linear regression analysis was used to determine clinical parameters with significant impact on MCE results and to determine predictors of LV function at 4 weeks. All univariate parameters with a value of PϽ0.2 were entered in the analysis. Differences were considered significant at PՅ0.05.
Results
Study Cohort and Procedural Outcome
Primary PTCA including stent placement was successful in all patients. On the basis of CFR measurements at 24-hour follow-up, 17 patients were assigned to the recovery group and 8 patients to the nonrecovery group. The clinical, ECG, angiographic, and intracoronary Doppler flow data of both groups are outlined in Table 1 . The 2 groups did not differ with respect to number of diseased vessels or arterial blood pressure and heart rate during the intracoronary flow velocity measurements.
Coronary Doppler Flow to Assess Microvascular Integrity
Immediately after interventional revascularization, recovery and nonrecovery groups had similar flows in the infarctrelated artery. At 24-hour follow-up, basal flows were unchanged for both groups. In the recovery group, CFR increased by 23.7% (PϽ0.001), whereas CFR in the nonrecovery group was unchanged (Table 1) . Figures 1 and 2 demonstrate examples.
The total endocardial border length of the risk region was 7.0Ϯ5.9 cm for all patients, with no difference between recovery and nonrecovery groups ( Table 2) . Twenty-four hours after recanalization, the recovery group showed a 31.6% reduction of the perfusion defect (PϽ0.05), whereas there was no change in the nonrecovery group. By analysis of the relative changes in perfusion defect size as ratio to the risk region, the nonrecovery group showed a larger region of no-reflow (81Ϯ46%) compared with the recovery group (34Ϯ49%, Pϭ0.031). Figures 3 and 4 demonstrate examples. Baseline-subtracted peak contrast intensity of the dysfunctional segments was similar before PTCA between both groups. However, the recovery group had a significantly greater baseline-subtracted peak contrast intensity after 24 hours ( Before PTCA, regional myocardial function did not differ between both groups. At 4-week follow-up, only patients in the recovery group showed a significant improvement of regional and global LV function (Table 2 ). Table 3 summarizes clinical, angiographic, CFR, and echocardiographic findings of the reperfusion (ratio to the risk Figure  3 ). CFR in infarct-related artery increased from 1.3 immediately after revascularization (top) to 1.9 at 24-hour follow-up (bottom).
MCE to Assess Myocardial Perfusion
region Ͻ50%) and the nonreperfusion groups (ratio to the risk region Ն50%) defined by MCE. In the reperfusion group (nϭ13), CFR increased significantly within 24 hours and was higher compared with the nonreperfusion group (nϭ12) at 24 hours. Improvements of regional and global LV function at 4 weeks were greater in the reperfusion group compared with the nonreperfusion group. Excluding global LV function at baseline and infarct location, multivariate linear regression analysis demonstrated the MCE finding at 24 hours to be the only predictive parameter of global LV function at 4 weeks (r 2 ϭ0.4459, Pϭ0.017).
Discussion
This study describes the use of serial intravenous MCE for assessment of regional myocardial perfusion in patients with first AMI undergoing interventional revascularization. The results were related to CFR measurements and LV function at 4-week follow-up. The main findings were as follows: (1) There was an increase of the CFR within 24 hours after catheter-based acute revascularization in the majority of patients. (2) Myocardial perfusion evaluated by intravenous MCE corresponded to results on microcirculatory function assessed by CFR. (3) Improvement of myocardial perfusion as indicated either by CFR or intravenous MCE 24 hours after revascularization was predictive for subsequent functional recovery.
Previous Studies
Intracoronary MCE has been demonstrated to have a unique potential to assess microvascular function and integrity. Several recent studies performed with intracoronary MCE in patients with AMI improved the understanding of microvascular alterations present after revascularization. 2, 4, 17 Echocardiographic contrast defects obtained before coronary reperfusion of an occluded coronary vessel have been described to denote the region at risk 2,17 and those obtained after successful coronary reperfusion to denote the no-reflow zones. 18 Microvascular dysfunction could frequently be observed by MCE despite TIMI 3 flow by angiography in the so-called no-reflow zone. However, MCE performed immediately after coronary revascularization may overestimate the salvaged region of postischemic hyperemia. Furthermore, reperfusion may result in a microvascular reperfusion injury. 7, 8, 19 To obtain a more reliable analysis of microvascular integrity, MCE should be performed after the microvascular convalescent stage is reached. 20 This would require repeated angiography with MCE after a sufficient time interval from the revascularization procedure. Because of the difficulties to perform intracoronary MCE at a later stage and the demanding nature of the technique, intracoronary MCE has not found widespread application for assessment of microvascular integrity after AMI. Recent developments of contrast agents, intermittent harmonic imaging, and a better understanding of the interaction between microbubbles and ultrasound resulted RWMI indicates regional wall motion score index; GWMI, global wall motion score index. *PϽ0.05 vs risk region, †PϽ0.01 vs peak contrast intensity before PTCA, ‡PϭNS vs peak contrast intensity before PTCA, §PϽ0.001 vs RWMI before PTCA, PϽ0.001 vs GWMI before PTCA. 
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in improved myocardial contrast detection even after intravenous contrast application 11, 21, 22 
MCE and CFR
Direct intracoronary Doppler measurement of CFR is an established tool for assessment of microvascular function. 14 Recent studies demonstrated CFR of the infarct-related artery to be severely impaired immediately after reperfusion and to recover subsequently. 19, 23 Improvement of CFR after adequate reperfusion may be explained by a greater availability of vasodilating mediator substances after depletion of substances during ischemia. 24 In this study, an increase of CFR within 24 hours after acute recanalization was observed in the majority of patients, indicating recovery of myocardial microcirculation. In 8 patients, the CFR remained Ͻ1.6. These patients showed a significantly reduced or absent recovery of LV function within 4 weeks. Thus, a low CFR 24 hours after reperfusion was a predictor of a low likelihood of functional improvement. This is in agreement with a recent study demonstrating that recovery of LV function early after AMI could be predicted by measurement of the CFR of the infarct-related artery before and after PTCA. 15 The cutoff value of 1.6 used in this study corresponds to the findings reported by Mazur et al. 15 MCE and CFR developed in a parallel fashion after AMI. Reduction of MCE perfusion defects were associated with improvement of CFR, whereas persistent MCE perfusion defects were associated with unchanged depression of CFR, indicating a relation between microvascular integrity assessed by CFR and by intravenous MCE.
However, it should be noted that MCE and CFR reflect different aspects of regional microvascular circulation. CFR is dependent on a number of factors apart from the microvascular integrity. In the case of stable hemodynamic parameters, it is dominated by the resistance of microcirculation. It reflects the microvascular function of a given perfusion bed irrespective of the size of the myocardial territory supplied by the evaluated coronary artery. Thus, CFR does not allow an estimate of the amount of the endangered myocardium. In contrast, opacification during MCE provides information on the myocardial blood volume of a given region and offers the ability to evaluate the absolute amount of myocardium at risk.
Recovery of LV Function
Serial intravenous MCE before and 24 hours after interventional revascularization had a predictive value for LV recovery at 4 weeks. Patients with a significantly reduced perfusion defect 24 hours after revascularization demonstrated a better LV function at 4 weeks compared with patients showing a persistent perfusion defect. Recent studies performed with intracoronary MCE in patients with an AMI reported similar findings. 3, 4, 25 The perfusion defect size determined by intracoronary MCE has been demonstrated to have significant prognostic implications for recovery of LV function. In 90 patients with a patent infarct-related artery, a strong correlation between myocardial contrast score index obtained after intracoronary contrast injection a mean of 8 days after AMI and regional wall motion at 4-week follow-up was demonstrated. 4 Ito et al 3 showed that patients with MCE no-reflow phenomenon had a lower ejection fraction and a greater LV end-diastolic volume at 25-day follow-up. Brochet et al 25 studied 28 patients immediately after reflow and 9 days later by MCE. Patients with sustained reflow or improved contrast echocardiographic findings at 9 days exhibited contractile recovery more frequently after 28 days than patients with sustained no-reflow. However, all these studies were performed with intracoronary administration of contrast agents.
Study Limitations
In experimental reperfusion models, an initial decrease in CFR after reperfusion is followed by a period of subsequent recovery lasting up to 1 week. 24 In this study, CFR and intravenous MCE were not performed later than 24 hours after reperfusion to assess the full extent of microvascular recovery. Nevertheless, CFR and intravenous MCE performed at 24-hour follow-up were able to discriminate between patients likely to show functional improvement at 4 weeks and those less likely to improve.
In this study, a ratio to the risk region of 50% was used as an arbitrary cutoff value to differentiate between an MCE reperfusion group and an MCE nonreperfusion group. Recent studies performed with intracoronary MCE have used a lower cutoff value of 25%, 2 which was also defined arbitrarily.
The evaluation of the echocardiographic images was based on gray-scale tissue imaging. The machine settings used in this study relate to the best knowledge at the time of study initiation. Optimal echocardiographic machine settings for MCE are rapidly evolving and are dependent on the applied contrast agent. Thus, it is very challenging to set up and adhere to a study protocol in a field in which knowledge of how to use an evolving technology is improving very quickly.
The number of patients included in the study was small. Prospective studies with larger numbers of patients are required to assess the clinical role of intravenous MCE for the assessment of myocardial perfusion in AMI.
Clinical Implications
Intravenous MCE with the use of second-generation contrast agents and intermittent harmonic imaging has the potential to noninvasively identify significant microvascular damage with resulting perfusion defects in patients after AMI. Assessment of microvascular integrity by MCE corresponds closely to the evaluation of the microcirculation by CFR. Intravenous MCE may allow the identification of patients with adequate myocardial reperfusion who are likely to have improved myocardial function after AMI. 
